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Scin8lla8on	  and	  Ioniza8on	  Yield	  for	  Nuclear	  Recoils	  

• Dark	  maIer	  detectors	  look	  for	  nuclear	  recoils	  (NR)
• Expected	  rate	  for	  dark	  maIer	  interac8ons	  depends	  cri8cally	  on	  the	  NR	  energy
• Scin8lla8on	  and	  ioniza8on	  yield	  for	  nuclear	  recoils	  are	  required	  to	  convert	  an	  

observed	  NR	  signal	  to	  the	  deposited	  energy
• Therefore,	  any	  dark	  maIer	  result	  from	  liquid	  noble	  gas	  detectors	  require	  

knowledge	  of	  these	  parameters
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diation shield that e↵ectively attenuates and moderates
external �-ray and neutron background [1]. The experi-
ment is located underground at the Laboratori Nazionali
del Gran Sasso (LNGS), Italy. XENON100 simultane-
ously measures the direct scintillation (S1) and the ion-
ization signal, via electroluminescence in the gas (S2),
following recoil energy depositions within its active vol-
ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to
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del Gran Sasso (LNGS), Italy. XENON100 simultane-
ously measures the direct scintillation (S1) and the ion-
ization signal, via electroluminescence in the gas (S2),
following recoil energy depositions within its active vol-
ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).
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quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
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rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The
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corrected S1 by:
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See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
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in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
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following:
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1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to

• S1	  -‐	  parameters	  that	  are	  intrinsic	  to	  the	  liquid	  are	  Leff(E),	  See	  and	  Snr
• S2	  -‐	  Qy(E)	  is	  the	  charge	  yield

Scin8lla8on	  or	  S1 Ioniza8on	  or	  S2
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• Two	  measurements	  of	  Leff(E)	  in	  the	  literature,	  but	  with	  large	  uncertainty,	  
par8cularly	  for	  E	  <	  25	  keV

• No	  data	  exist	  in	  the	  presence	  of	  electric	  field	  (See,	  Snr)
• No	  measurements	  exist	  of	  the	  ioniza8on	  yield	  (Qy)
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following recoil energy depositions within its active vol-
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cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].
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tween Monte Carlo (MC) simulation of the neutron
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ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
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This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly
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Le↵ (E)
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. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to

Scin8lla8on	  or	  S1 Ioniza8on	  or	  S2
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Liquid	  xenon

• Several	  measurements	  of	  Leff(E)	  in	  the	  literature,	  but	  rela8vely	  large	  errors,	  
par8cularly	  at	  low	  energies	  (E	  <	  6	  keV)
– Par8cularly	  relevant	  for	  light	  dark	  maIer	  sensi8vity,	  some	  controversy	  in	  the	  

field	  (see	  e.g.	  1106.0653,	  1010.5187,	  1006.2031,	  1101.6080	  from	  a	  few	  years	  
ago)

• Very	  limited	  data	  exist	  in	  the	  presence	  of	  electric	  field	  (See,	  Snr)
– One	  measurement	  at	  high	  energy	  (56	  keVr)
– Several	  measurements	  with	  broad	  spectrum	  sources

• Ioniza8on	  yield	  (Qy)	  only	  measured	  with	  broad	  spectrum	  sources
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diation shield that e↵ectively attenuates and moderates
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ume. This allows event-by-event particle discrimination,
and 3-D event vertex reconstruction for definition of a
fiducial volume and rejection of events from the outer re-
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have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
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tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to
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diation shield that e↵ectively attenuates and moderates
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ization signal, via electroluminescence in the gas (S2),
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ume. This allows event-by-event particle discrimination,
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gions of the TPC. Results from 225 live-days exposure
have set the most stringent limit on dark matter interac-
tions to date, excluding spin-independent WIMP-nucleon
cross-sections above 2 × 10−45 cm2 for a 55 GeV c−2
WIMP mass at 90% confidence level [2]. XENON100 also
excludes spin-dependent WIMP-neutron cross-sections
above 3.5 × 10−40 cm2 for a 45 GeV c−2 WIMP mass [3].

This article presents results from the comparison be-
tween Monte Carlo (MC) simulation of the neutron
exposure and the equivalent calibration data. Scin-
tillation and ionization channels are assessed indepen-
dently as well as simultaneously to compare S1, S2 and
log10(S2/S1), the discrimination parameter. This assess-
ment allows the parameterization of both the charge yieldQy, the number of ionization electrons produced by a
neutron recoil of a given energy, and the relative scin-
tillation e�ciency Le↵ , the energy dependent yield for
scintillation photons emitted following a nuclear recoil
interaction. The two quantities are needed to convert
from observed S1 and S2 signals to true recoil energy
deposition, respectively. The ionization and scintillation
processes and the correlation between the two are dis-
cussed in Ref. [4].

Finally, given the derived Le↵ and Qy, studies of ex-
pected WIMP signals in XENON100 for two WIMP
masses at fixed cross-sections are performed.

A. Energy Calibration

The energy scale calibration for electronic recoil in-
teractions in XENON100 and LXe TPCs in general is
determined primarily using known �-ray emission lines
from standard calibration sources inserted close to the
LXe volume. Energy deposited by the �-rays (through
electronic recoils) leads to characteristic features in the
physical observable of photoelectrons (PE) in both the
S1 and S2 channels from which the electronic recoil en-
ergy scale can be inferred. This scale is referred to as the
electron-equivalent energy scale (keVee).

In the case of nuclear recoils, the scintillation yield is
quenched with respect to that for electron recoils as typ-
ically measured at the 122 keVee �-ray line of a 57Co
source [5]. This can be parameterized by the relative
scintillation e�ciency Le↵ . The observed S1 must be cor-
rected for any spatially dependent e↵ects (such as varia-
tions in light collection e�ciency) as detailed in Ref. [6].
This corrected value is given the nomenclature cS1. The

nuclear recoil energy E (in keVnr) is then related to the
corrected S1 by:

E = cS1

Ly

1

Le↵ (E)
See

Snr
. (1)

See is the electric field suppression factor for electronic
recoils, is measured using the same 122 keVee line and
is assumed to be energy independent. Snr is the same
quantity for nuclear recoils and is also assumed to be
energy independent. In the XENON100 detector, oper-
ating with a drift field of 0.53 kV cm−1, Snr = 0.95 and
See = 0.58 [7]. Ly is the light yield at operational field
for 122 keVee electron recoils and is determined to be
(2.28±0.04) PE/keVee for the 225 live-days dark matter
search of XENON100 [2].

The S2 signal originates from the ionization electrons
produced by particles or radiation interacting in the LXe
volume. The number of free electrons per unit energy is
the charge yield Qy. The electrons drift towards the liq-
uid/gas interface in the presence of a homogeneous elec-
tric field of 0.53 kV cm−1. The ionization signal is de-
tected as proportional scintillation produced by the ex-
traction and acceleration of electrons in the gas phase
above the liquid target volume. A strong electric field
of ∼12 kV cm−1 gives an extraction e�ciency of close
to 100% for an electron reaching the liquid level [8, 9].
Thereby, the conversion from extracted number of elec-
trons to detected S2 photoelectrons is parameterized by
the secondary amplification factor, Y . As with S1, the
S2 signal must be corrected for all spatial e↵ects (such
as electron absorption due to the finite electron lifetime
in LXe) and is given the nomenclature cS2. Summariz-
ing both e↵ects, the nuclear recoil energy E (in keVnr)
is related to the ionization signal cS2 (in PE) via the
following:

E = cS2

Y

1

Qy (E) . (2)

For XENON100, Y has been measured by a dedicated
analysis of the single electron S2 gain. The ampli-
fied signal follows a gaussian distribution with a well
defined mean of (19.5 ± 0.1) PE/e− and 1� width of
�Y = 6.7 PE/e−, valid for the time period of the pre-
sented neutron calibration. A detailed study of the sin-
gle electron response will be presented in an upcoming
paper. The conversion between S2 and keVnr may be
field-dependent (seen in Ref. [7]) but su�cient measure-
ments have not been made to fully parameterize this de-
pendence.
The sensitivity of any dark matter detector depends

critically on its response to low energy elastic nuclear
recoil interactions. Typically, broad spectrum neutron
sources, such as a 241AmBe (↵,n) neutron source, are
used for calibrating the detector to such nuclear recoils,
as in XENON100. A method for determining the energy-
dependent response of the detector to nuclear recoils is to
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The	  SCENE	  technique

Neutron	  detector

LAr	  TPC

ScaIering	  angle,	  Θ

Pulsed,	  mono-‐energe8c	  neutrons

7

• Exploit	  a	  pulsed,	  monoenerge8c	  beam	  (at	  Notre	  Dame)	  to	  
measure	  response	  of	  liquid	  noble	  gas	  detectors	  to	  nuclear	  
recoils	  of	  known	  energy

• Tunable	  nuclear	  recoil	  energy	  by	  changing	  the	  neutron	  energy	  
and	  the	  scaIering	  angle
– Neutrons	  of	  500	  keV	  -‐	  1.5	  MeV
– Recoils	  of	  a	  few	  keV	  up	  to	  50	  keV

• Specially	  designed	  dual	  phase	  detector
– Measure	  all	  parameters	  of	  interest
– Minimize	  mul8ple	  scaIering	  
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The	  SCENE	  Experimental	  Layout
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EJ301:	  Organic	  Liquid	  
Scin8llator	  Detector	  from	  
Eljen	  Technology

Note:	  Polyethylene	  
shielding	  between	  LiF	  and	  
EJ301	  omiIed	  for	  clarity

200	  μg/cm2

25.4°
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The	  SCENE	  Collabora8on
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• Fermilab	  key	  contributor	  to	  
detector	  design	  and	  construc8on
– Gas	  handling	  system
– Cryogenics	  -‐	  heat	  exchanger	  

and	  condenser
– Liqing	  fixture	  to	  allow	  easy	  

installa8on	  in	  restricted	  
space	  at	  Notre	  Dame

• True	  interna8onal	  collabora8on,	  
with	  significant	  contribu8ons	  of	  
manpower	  and	  hardware	  from	  
Princeton,	  Temple,	  Naples,	  etc.
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SCENE	  Progress
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June	  17	  -‐	  July	  2,	  2013	  -‐	  Two	  week	  beam	  run	  dedicated	  to	  
scin8lla8on/S1	  measurements	  -‐	  First	  physics	  publica8on,	  Phys.	  Rev	  
D	  81:045803	  (2013)

Oct.	  21	  -‐	  Nov.	  4	  -‐	  Two	  week	  beam	  run	  dedicated	  to	  ioniza8on/S2.	  
Analysis	  is	  ongoing	  with	  paper	  expected	  by	  end	  of	  February
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SCENE	  Results

• Key	  result	  -‐	  less	  light	  at	  lower	  energy	  in	  presence	  of	  an	  electric	  field	  -‐	  unexpected	  
outcome	  that	  affects	  opera3on	  of	  dual	  phase	  argon	  dark	  ma8er	  searches
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SCENE	  -‐	  S8ll	  to	  come	  from	  exis8ng	  data

13

• A	  complete	  Leff(E)	  analysis,	  already	  in	  demand	  by	  other	  LAr	  experiments
• Analysis	  of	  ioniza8on	  channel,	  including	  first	  measurement	  of	  charge	  yield	  for	  low	  

energy	  nuclear	  recoils	  in	  LAr
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Plans	  for	  Xenon	  run

• Liquid	  Xe	  run	  scheduled	  for	  
March-‐April	  with	  new	  TPC	  
under	  construc8on	  at	  UCLA
– Direct	  test	  of	  the	  model	  

used	  by	  liquid	  xenon	  dark	  
maIer	  experiments	  (NEST)

– Will	  therefore	  confirm/
invalidate	  dark	  maIer	  limits	  
set	  by	  these	  experiments

– Very	  high	  impact
• Fermilab	  again	  to	  contribute	  

structural	  support	  to	  enable	  
use	  of	  detector	  at	  Notre	  Dame

14

Y.	  Meng	  2013,	  UCLA
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• Other	  noble	  gases	  are	  imprac8cal	  in	  current	  
setup	  (He	  and	  Ne	  being	  primary	  gases	  of	  
interest)

• SCENE	  apparatus	  is	  s8ll	  useful	  as	  a	  generic	  test	  
stand	  for	  LAr/LXe	  
– E.g.	  influence	  of	  impuri8es	  on	  S1/S2	  signals

15

Aqer	  Notre	  Dame	  runs
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• For	  example,	  FNAL	  scien8sts	  
already	  in	  a	  new	  effort	  with	  
Profs.	  Juan	  Collar	  and	  Paolo	  
Privitera	  of	  the	  University	  of	  
Chicago,	  exploi8ng	  SCENE	  
infrastructure	  to	  test	  Xenon	  
response	  
• Detector	  now	  running,	  two	  

months	  aqer	  first	  idea

Aqer	  Notre	  Dame	  runs
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• Measured	  proper8es	  of	  these	  noble	  gases	  are	  
important	  to	  all	  liquid	  noble	  gas	  dark	  maIer	  searches	  
and	  the	  field	  of	  dark	  maIer	  as	  a	  whole
– DarkSide,	  DEAP,	  MiniCLEAN,	  ArDM,	  LUX/LZ,	  
Xenon100/1T,	  PandaX,	  XMass,	  any	  future	  
combina8on

• Other	  experiments	  interested	  in	  the	  response	  of	  
these	  liquids
– Neutrino-‐nucleus	  coherent	  scaIering	  (CENNS),	  etc.

SCENE	  is	  generic	  R&D
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Resources	  
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• Several	  Fermilab	  scien8sts	  are	  involved	  in	  SCENE	  
scien8fic	  effort,	  par8cularly	  analysis,	  paper	  prepara8on,	  
DAQ	  (Yann	  Guardincerri,	  Hugh	  LippincoI,	  Ben	  Loer,	  
Stephen	  Pordes)

• Comple8on	  of	  Xenon	  apparatus	  will	  require	  <1	  week	  of	  
technician	  8me	  to	  build	  liqing	  fixture

• Xenon	  run	  will	  probably	  require	  technician	  help	  for	  
setup	  at	  Notre	  Dame	  (1	  person,	  1-‐2	  days)

• Follow	  up	  runs,	  if	  they	  occur,	  will	  have	  similar	  
requirements

• Generic	  studies	  (such	  as	  current	  xenon	  effort	  with	  
UChicago)	  also	  use	  ~1	  week	  of	  technician	  labor	  per	  run
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1)	  Briefly	  summarize	  the	  current	  state	  of	  the	  program,	  discussing	  what	  has	  been	  learned	  and	  what	  are	  
the	  remaining	  issues.

Argon	  scin8lla8on	  data	  set	  complete	  and	  published
	  	  	  	  	  	  	  	  	  	  Argon	  scin8lla8on	  is	  strongly	  affected	  by	  an	  electric	  field	  for	  low	  energy	  nuclear	  recoil	  events
	  	  	  	  	  	  	  	  	  	  Has	  had	  a	  direct	  influence	  on	  opera8on	  of	  Darkside-‐50	  and	  will	  affect	  other	  LAr	  TPCs
Second	  S2	  data	  set	  collected	  in	  fall	  2013

2)	  What	  is	  the	  proposed	  scope	  of	  the	  R&D	  program	  for	  the	  next	  two	  years,	  and	  what	  resources	  are	  
required	  for	  that	  program?

Second	  paper	  in	  progress
Argon	  ioniza8on	  data	  under	  analysis
Final	  Argon	  Leff

Xenon	  run	  scheduled	  for	  Mid-‐March
Possible	  followup	  run	  later	  this	  year	  depending	  on	  results
Scene	  apparatus	  is	  a	  generic	  test	  bed	  for	  liquid	  noble	  gas	  scin8lla8on	  studies

3)	  Compare	  the	  program	  with	  similar	  programs	  worldwide.	  Are	  we	  doing	  leading	  work	  in	  this	  area?
Only	  current	  experiment	  using	  this	  technique
No	  comparable	  measurements	  in	  LAr
Xenon	  experiments	  will	  benefit	  by	  independent	  verifica8on	  of	  their	  results
Clearly	  relevant	  for	  the	  en8re	  field

4)	  Which	  parts	  of	  the	  program	  should	  be	  considered	  generic	  R&D	  and	  which	  parts	  should	  be	  considered	  
project	  specific?

Scene	  is	  generic	  R&D,	  of	  interest	  to	  all	  noble	  liquid	  dark	  maIer	  experiments
Also	  of	  interest	  for	  any	  noble	  gas	  seeking	  to	  observe	  nuclear	  recoils	  (e.g.	  coherent	  scaIering)

5)	  Will	  this	  research	  likely	  result	  in	  new	  projects	  at	  the	  lab?
No	  new	  projects	  of	  similar	  or	  larger	  scope
Possible	  use	  on	  small	  scale	  (generic	  use	  of	  apparatus)


